Ultra-low dissipation Josephson transistor 
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A superconductor-normal metal-superconductor (SNS) transistor based on superconducting mi- 
crocoolers is presented. The proposed 4-terminal device consists of a long SNS Josephson junction 
whose N region is in addition symmetrically connected to superconducting reservoirs through tunnel 
barriers (I) . Biasing the SINIS line allows to modify the quasiparticle temperature in the weak link, 
thus controlling the Josephson current. We show that, in suitable voltage and temperature regimes, 
large supercurrent enhancements can be achieved with respect to equilibrium, due to electron "cool- 
ing" generated by the control voltage. The extremely low power dissipation intrinsic to the structure 
makes this device relevant for a number of electronic applications. 

PACS numbers: 73.20.-r, 73.23.-b, 73.40.-c 



In the last few years thermoelectric cooling has gained 
an increased attention in solid-state physics both from 
the basic research point of view and as a tool for cryo- 
genic applications, inparticular for cooling space-based 
infrared detectors 0, L3| ■ The advantage of electronic mi- 
crorefrigerators stems from their intrinsic compactness, 
little power dissipation and ease of on-chip integration. 
To date several refrigeration schemes at cryogenic tem- 
peratures have been proposed [E 0. IE IE • In particu- 
lar, cooling schemes based on superconductor-insulator- 
normal metal (SIN) tunnel junctions proved extremely 
effective in refrigerating both electrons 0,0 and phonons 
. In such systems the cooling principle is based on the 
superconducting energy gap (A) that allows to remove 
quasiparticles with higher energies from the normal elec- 
trode more effectively than those with lower energy |lf)j | . 

In this letter we propose a device that exploits ther- 
moelectric cooling to obtain transistor effect by means 
of a symmetric SIN double-microcooler integrated with 
a SNS weak link (see Fig^). In existing controllable 
Josephson junctions critical supercurrent modulation is 
achieved by driving the quasiparticle distribution out of 
equilibrium [ill IT3 . fl3| by dissipative current injection 
into the N region of the junction Q EE EE E3 This 
leads to controlled supercurrent suppression. Our scheme 
exploits the exponential temperature dependence of the 
critical supercurrent in long SNS weak links 0, U| . We 
show that thanks to electric cooling, critical supercurrent 
values can be strongly increased from their equilibrium 
magnitude yielding a substantial current gain in the fi- 
nal device. Importantly, thanks to its unique working 
principle our device leads to control currents that are or- 
ders of magnitude lower than in all-normal control lines. 
This property makes this device of particular interest for 
extremely-low dissipation cryogenic applications. 

The 4-terminal device (sketched in Fig. ^| consists of 
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FIG. 1: Sketch of the proposed SNS transistor. The SjN 
junctions are assumed to be perfectly transmissive electric 
contacts while the superconducting reservoirs (Sr) are con- 
nected to the N region through identical tunnel barriers of 
resistance TZt- The bias Vr allows to tune the supercurrent 
I j in the weak link, both increasing and decreasing its mag- 
nitude with respect to equilibrium. 



a N region laterally connected (in the y-direction) to two 
superconductors (Sj) through perfectly transmitting in- 
terfaces [2EI, thus realizing a SNS junction of length Lj 
and width Wj. We consider a mesoscopic diffusive SNS 
weak link (i.e., £ m < Lj < £ v , where £ m and l v are 
the elastic mean free path and the single-particle de- 
phasing length, respectively) and, for reasons that will 
be clear in the following, we assume that the junction 
is long (i.e., Aj ^> KD/L 2 j = Eth, where Aj is the 
Sj energy gap, T> is the N region diffusion constant and 
Exh is the Thouless energy). Along the x-direction the 
N region is connected to two additional superconducting 
reservoirs (Sr) through identical tunnel barriers (I) of 
resistance TZt, thus realizing a SINIS symmetric double- 
refrigerator (cooling control line) 0, 0] of length L r and 
width Wr. Resistance TZt is taken to be much larger 
than the N region resistance in the x-direction so that no 
voltage drop will occur in the N region thus optimizing 
the cooling power of the SINIS device [l(| . We also as- 



2 



sume, following Ref. |2jJ, that Wr < Lj and Wj < L fl ,. 
Moreover, we suppose that Sj are kept at the same po- 
tential, chosen to be zero, while S^ are kept at equal and 
opposite voltages V = ±Vr/2. 

We are interested in the regime where the quasiparticlc 
distribution retains a local thermal equilibrium manifest- 
ing itself as a Fermi-Dirac function with effective electron 
temperature T e differing in general from the lattice tem- 
perature Ti |22( . This regime can be attained by assum- 
ing a large enough L R (i.e., 4-e < L R < £ e - ph , where 
£ e - e and £ e - P h ar e the electron-electron and electron- 
phonon scattering lengths, respectively) so that injected 
quasiparticles may thermalize through electron-electron 
interaction. For this to be true we need to focus on 
lattice temperatures T\ < IK, where electron-electron 
scattering is the main relaxation mechanism. For Lr 3> 
£ v ,£ e _ e , the cooling control line can be considered as 
composed by two SIN junctions incoherently added in 
series. Under bias voltage Vr the power Vn transferred 
from the N region to the superconductors Sr can be cal- 
culated along the lines of Ref. 10]. The main results 
of this analysis are that Pat is a symmetric function of 
V R , with a maximum slightly below Vr = ±2 Ar/c As 
a function of the lattice temperature, Vn shows a max- 
imum of 0.12 A R /e 2 K T at T\ w 0.3 A R /k B , quickly de- 
creasing at both lower and higher temperatures. As a 
consequence, both small Ar and low TZt are desirable in 
order to achieve high cooling power at sub-Kelvin tem- 
peratures. The final T e in the weak link is determined by 
considering those mechanisms that can transfer energy 
into the N region. In our case the main contribution is 
related to electron-phonon scattering given by V e -i — 
£V(T e 5 -Tf) |23, where V is the N region volume and 
£ is a material-dependent parameter. The effective tem- 
perature T £ (Vr) is then determined solving the energy- 
balance equation V N {V R ,T e ,Ti) + V e -i(T e ,Ti) = 0. In 
writing the above expression we set the quasiparticle tem- 
perature in the superconducting electrodes equal to 7). 
Although this is an idealized assumption we expect it, 
however, to be a reasonable approximation in real de- 
vices exploiting quasiparticle traps |24j . 

The supercurrent in the diffusive SNSiunction (Ij) 
can be calculated from the equation [l^, [UJ UL!j : 



1.7 = 



<jnA 
eLj 



fA{e,T e )j s (e,(j),Ti)de, 



(1) 



where o~n is the conductivity of the weak link, A its cross 
section and <j> is the phase difference between the super- 
conductors. According to JQ) Ij is expressed in terms 
of the spectral supercurrent js(e, 4>,Ti) weighted by the 
antisymmetric part of the quasiparticle distribution func- 
tion in the weak link fA(s,T e ) (note that the symmetric 
part does not contribute since js is an odd function of 
energy). In the present case of quasi-equilibrium the lat- 
ter reduces to fA(e,T e ) — tanh[e/2fcsT e ]. It is worth 
noticing that js depends on the lattice temperature 7] 
through A j, while Ja depends on the electron effective 
temperature T e in the weak link. The working principle 



of our controllable junction is described in a simple way 
in Fig. 2 (a, b), where both js (dash-dotted line) and Ja 
(solid line) are plotted on the same graph as a function of 
normalized energy. Hatched areas represent the integral 
of their product, composed of a positive and a negative 
contribution. In Fig. 2(a) T e is set equal to 7], obtained 
with Vr — 0, while in Fig. 2(b) T e is lowered below 
Ti by biasing the control line, therefore sharpening the 
quasiparticle distribution. As a result, the supercurrent 
is enhanced since the positive area is increased |25| . This 
is demonstrated in the following by numerically solving 
the energy-balance equation for T c (Vr) and inserting it 
in the expression for Ij(Vr) in 
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FIG. 2: Qualitative behavior of both the supercurrent spec- 
tral density (js(e, Ti)) and the quasiparticle distribution func- 
tion (/a(e, T e )). (a) For Vr = (i.e., in equilibrium) the elec- 
tron temperature (T e ) equals that of the lattice (T;). Shaded 
area represents the contribution to supercurrent originating in 
such a configuration, (b) Upon biasing (Vr ^ 0), the cooling 
effect of the SINIS line lowers T e with respect to T; allow- 
ing /a(e, T e ) to become sharper. The result is a supercurrent 
enhancement (see text). 

In order to simulate a realistic device we choose Al for 
the Sr reservoirs (A^ = 180 fj,eV ), Cu for the N region, 
Lr = 10 /Ltm, Wr = 0.5 /zm, Lj = 1 fim and Wj = 0.4 
fim. Supposing a 100-nm-thick film, the total volume 
of N region amounts to V = 0.52 /im 3 . For metals like 
Ag, Cu, and Au the chosen value for Lr corresponds to 
the interacting hot-electron regime ■ Furthermore we 
take E = 2 x 10~ 9 W K~ 5 ^m" 3 and 7l T = 100 Q H|. 
For Sj we choose Nb (A,/ = 1.52 meV) and assuming a 
diffusion constant V — 0.007 m 2 /s [27j, the Thouless en- 
ergy is Etk — 4.6 jtteV, so that the considered junction 
is in the long limit (Aj/E Th ~ 330) 28]. In Fig. H we 
plot the calculated normalized Ij(Vr) characteristic for 
several starting lattice temperatures (TZn = Lj/a^A is 
the SNS junction normal state resistance). For all cho- 
sen Ti, Ij(Vr) increases monotonically for bias up to 
cVr ~ 2A.4;, for which the effect of the control line is 
to decrease the effective electron temperature. In the 
case of an all-normal control line (i.e., without Sr) the 
effect would have been only to enhance the electron tem- 
perature (T e > Ti) H 

with consequent suppression of 
the supercurrent. For larger bias, in fact, an efficient 
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FIG. 3: Normalized critical current vs voltage Vr of the 
Nb/Cu/Nb weak link calculated for several lattice temper- 
atures Ti. In this configuration a supercurrent enhancement 
of about 300% can be achieved at T) = 300 mK due to quasi- 
particle cooling. For Vr > 2 Ajj/e, efficient supercurrent 
suppression occurs due to electron heating. The inset shows 
the junction supercurrent vs temperature characteristic cal- 
culated at (j> = tt/2. Hatched region shows a temperature 
range suitable for efficiently tuning the transistor. 

suppression of the supercurrent occurs due to electron 
heating. As a result the device behaves as a fully-tunable 
superconducting transistor. At zero temperature a crit- 
ical current of about 54 /lA can be achieved (it can be 
further enhanced in a slightly shorter weak link, result- 
ing into a larger Et and a smaller TZn Hi!). Remarkably, 
the current gain Q — 5Ij/In max , i.e., the ratio between 
the maximum supercurrent enhancement at a given T; 
and the injected quasiparticle current needed to produce 
such enhancement, obtains values as large as Q ~ 90 in 
the examined 7] range. Note that Q is dependent on the 
choice of the structure parameters. 

We can now clarify the reason why long junctions are 
more appropriate for the device to work. Since in long 
junctions |2l| Eth sets the temperature scale for the su- 
percurrent, for sufficiently low lattice temperatures /,/ is 



independent of Tj and only depends on T e as displayed in 
the inset of Fig. 3: by starting from a given temperature 
T e at Vr — 0, an increase of Vr lowers T e thus enhancing 
Ij. This shows that it is advisable to choose a tempera- 
ture window where the slope of the Ij(T e ) characteristic 
is large in the range of a high cooling power from the 
control line, in order to achieve large supercurrent en- 
hancements (of the order of several hundreds percent) 
with small temperature variations. This optimized tem- 
perature range is marked by the hatched area and is well 
within the cooling performance of the chosen refrigera- 
tors. Note that in the short junction limit (Aj <C Exh), 
it is the energy gap Aj(T) which sets the temperature 
dependence of the supercurrent, thus implying a much 
reduced effect from the cooling line. 

We would like, furthermore, to comment on the im- 
pact of power dissipation in this device for practical ap- 
plications. For fixed geometry a straightforward com- 
parison shows that, in the present case, control currents 
Ir corresponding to bias larger than 2Ar/c are at least 
two orders of mag nitude lower (I R » 10~ 6 A) 29] than 
in the existing all-normal controllable Josephson junc- 
tions 0, 0, [3 E3| ■ For bias corresponding to super- 
current enhancement, on the other side, control currents 
are at least four orders of magnitude lower, due to the 
dependence of tunneling subgap current from barrier re- 
sistance. These considerations suggest that such a device 
can be well suited for high-density and ultra-low dissipa- 
tion cryogenic applications. 

In conclusion, a promising scheme to obtain transistor 
effect in a Josephson weak link was presented. A realistic 
Nb/Cu/Nb weak link in combination with AI/AI2O3/CU 
refrigerators was analyzed and we demonstrated that a 
supercurrent enhancement of several hundreds percent 
can be achieved. Moreover, the drastic reduction of con- 
trol currents intrinsic to the proposed design with respect 
to existing schemes makes such a structure of interest for 
applications where extremely low power dissipation is re- 
quired at cryogenic temperatures. 
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